Abstract: A comparison of thermal and photochemical degradation of poly (lactic acid) film materials (10 µm) containing nanosilver are studied by FTIR (Fourier transform infrared) spectroscopy and DSC (differential scanning calorimetry). Rates of thermal and photochemical degradation are determined by measuring the relative changes of absorbance (A t /A 0 ) of selected bands in PLA (polylactic acid) spectra. Comparison of the effect of both degradation on PLA structure showed that nanosilver act as a stabilizer for photodegradation at 254 nm. As oppose, thermal degradation at 80 °C indicate, that nanosilver accelerates PLA degradation at the temperature. Glass transition and crystallization/melting processes occurring in PLA and PLA/Ag nanocomposites during both degradation processes were also compared.
Introduction
Polymer nanocomposites have been an exponentially growing field of research in the development of materials in last few decades. In competition with petroleum-based polymers, PLA (polylactic acid), is one of the most promising candidates for future developments; it is not only biodegradable but also is produced from non-fossil renewable natural resources.
Among the different types of metal nanoparticles that present high potential in fabrication of polymer nanocomposites, e.g., ZnO, Ag, CuO, TiO 2 are known for their market antibacterial activity even if the amount of nanoadditives is low [1] .
The structure and properties of PLA have been intensively studied [2] [3] [4] [5] [6] [7] , but it is still a lack of information on its behavior in the presence of silver nanoparticles applied as antibiocidal agent.
PLA outdoor applications in replacing conventional petrochemical-based polymers would be seriously limited because sunlight is the principal source of UV (ultraviolet) irradiation and the degradation of PLA would be strongly accelerated by UV exposure. The knowledge on the effect of short-wavelength radiation on material is very important in such applications because UV is used for sterilization and disinfection.
Therefore, the UV-resistance properties of PLA have to be reinforced for its commercialization of daily products. Usually, chemical absorbing agents are used to improve the UV-resistance properties of plastics, but these chemical compounds are usually toxic to human health and they may migrate during the storage and use of products. Therefore, alternative processes are expected for improving the stability of PLA under UV exposure.
The photooxidation of PLA composites with different types of particles, e.g. organically modified montmorillonite, micro-talc, TiO 2 , carbon nanotubes were intensively studied last year [8] [9] [10] [11] .
Thermal stability of PLA, determining its processing and application, is mainly investigated in dynamic conditions [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . It was reported on the base of thermogravimetric analysis that PLA is stable up to about 300 o C and its thermal decomposition occurs in one stage at 300-400 o C range. The numerous low-molecular weight degradation products D DAVID PUBLISHING such as carbon oxides, cyclic oligomers, acrylic acid, acetone, acetaldehyde and aromatic hydrocarbons were found during thermal fragmentation of PLA by GC-MS (gas chromatography-mass spectrometry) or TG-MS (thermogravimetry coupled with mass spectroscopy) [22, 23] . PLA degradation products are thought to be non-toxic.
It is known that PLA undergoes thermal degradation when heated above its melting point [24] . Nevertheless, there is a lack of information on the behavior of this polymer at elevated constant temperature below melting. Moreover, the thermal stability of PLA nanocomposites with silver is known insufficiently. The silver nanoparticles, exhibiting unique physicochemical properties, added to polymeric matrix yield to biological activity, i.e., antibacterial or/and antifungal properties, particularly needed in medical and pharmaceutical applications [25, 26] . The great advantage of nanosilver is lack of negative influence on the people health. Moreover, nanosilver particles can be used in optoelectronics, textiles, food packaging, catalysis, sensors, fuel cells, etc..
The aim of this work was to compare the photochemical and thermal degradation of novel PLA films doped with nanosilver. Changes of physicochemical properties of PLA/Ag nanocomposite films have been studied by FTIR (Fourier transform infrared) spectroscopy and DSC (differential scanning calorimetry) analysis.
Experiments

Materials
Poly (lactic acid) (D-lactate content < 1%), was supplied by Hycail (Netherlands). The dichloromethane (pure for analysis, POCh, Poland) was used as the polymer solvent. Nanosilver powder, particles size < 100 nm, organically coated using polyvinylpyrrolidone (for dispersion in polar solvents, less than 0.2%), was obtained from Aldrich Chemistry.
Preparation of Samples
PLA/Ag nanocomposites were prepared by repeated mixing (ultrasonic and mechanical) of 4% (wt) PLA solution in dichloromethane with proper amount of nanosilver particles (previously dispersed in dichloromethane using ultrasounds). Thin polymeric films with thickness of 10 µm were obtained by the solution casting method. The obtained films were then carefully dried 4 h at 50 °C. The weight fraction of silver in the PLA composites was: 0.2% and 0.5%.
Photochemical and Thermal Degradation Conditions
Thermal degradation was carried out in air atmosphere at 80 °C up to 40 h. After defined period of degradation time, the polymeric films were systematically analyzed by FTIR spectroscopy and DSC measurements. Photodegradation was carried out under UV lamp produced by BakMed Lodz, type LB-151.1 (emitting 254 nm radiation) at ambient temperature (25 °C). Maximum time of exposure was 60 h.
Methods
Infrared spectra were recorded by Genesis II FTIR spectrometer (Mattson, USA). For spectra analysis WinFirst software (Mattson) was applied. The absorbances of selected bands was measured and the relative change was calculated.
DSC measurements have been performed at air atmosphere using METTLER FP90 apparatus. The samples were heated with heating rate of 10°/min. at 30-200 °C range.
AFM (atomic force microscopy) measurements were done under the ambient air conditions using the Nanoscope III, Digital Instruments (USA) with the silicon nitride tips (SiN 3 ). The contact mode was applied. The sensitivity of the tip deviation and the scanner resolution was smaller than 1 Å.
Viscometric measurements of PLA dilute solution in dichloromethane were carried out at constant temperature (25 °C) using an Ubbelohde viscometer. LVN (limiting viscosity number) was calculated. Fig. 1 shows an example of AFM photos (recorded as height, phase and amplitude images) of PLA + 1% Ag nanocomposite. These images indicate the relatively uniform distribution of Ag nanoparticles within polymeric films but their size varies from few tens to about 100 nanometers. The shape of nanoparticles is generally spherical, however, some of them are non-spherical or form randomly distributed clumps.
Results and Discussion
FTIR Results of Degraded PLA and PLA/Ag Nanocomposites
During thermal and photochemical degradation of PLA and PLA/Ag film samples the most pronounce changes of absorbance at 1,756 cm -1 (attributed to C=O carbonyl band stretching vibrations), and at 1,090 and 1,093 cm -1 (attributed to asymmetric and symmetric stretching vibration of -C-O-C-group) were recorded and analyzed. Furthermore, in a case of photochemical degradation, the clear band at 1,725 cm -1 is formed, suggesting the creation of new carbonyl groups in PLA which is evidence of photolysis process. The additional carbonyl groups are formed at the end chains (CHO, COOH) or in backbone-resulting of transesterification, which can be inter-or intra-molecular process. On the other hand, FTIR does not allow to detect the products of thermal oxidation in studied samples. Because the transesterification (backbiting) reaction is characteristic at temperatures near melting point and any new absorption peaks were not detected, we suppose that such reaction is negligible in our conditions. Fig. 2 presents the relative absorbance changes (A t /A o ) of the selected bands of PLA (at 1,756, 1,190 and 1,093 cm -1 ) subjected to the degradation.
It turns out that in early stages of UV exposure, the alterations of spectra in all cases are negligible (induction period). The marked changes appeared after longer time of irradiation. Contrary to thermal degradation, where the degradation is observed immediately after beginning of heating (without any induction period) and the rate of the process is the highest in the first two hours of degradation.
The influence of nanosilver on the rate of changes in the functional groups of PLA is also observed. In a case of photodegradation nanosilver significantly retards PLA photolysis. Ag nanoparticles cause an increase of induction periods of PLA degradation above 2 to 3 times. The results from the fact, which nanosilver particles introduced to PLA absorb UV-irradiation and the excitation energy can be dissipated in PLA/Ag nanocomposites or consumed in non-harmful energy transfer processes. It seems also possible that metallic Ag participates in electron transfer to macromolecules, thus it can act as reduction agent (Ag 0 → Ag + + e), which reacts with photooxidation products. The charge transfer between metal and ligand carbonyl group (so called MLCT (metal-co-ligand charge transfer)) is known in UV-exposed complexes of polymers with transition metals [27] . The opposite effect is observed in thermal degradation. It is clearly seen that nanosilver strongly accelerates thermal degradation of PLA. On the base of FTIR analysis, which showed the lack of new oxidizing products in heated PLA and PLA/Ag composite, we can conclude that Ag nanoparticles (covered by stabilizer) and embedded in polymer matrix are not able to directly react with oxygen at 80 °C. Although the oxidation does not appear in studied nanocomposites but catalyzing activity of silver nanoparticles is evident. The lack of new products detectable by FTIR indicates that perhaps cyclic compounds (e.g., lactide) are formed resulting of main chain scission. Creation of linear molecules should lead to an increase of end-functional groups.
DSC Results of Degraded PLA and PLA/Ag Nanocomposites
DSC studies of UV-irradiated and thermally degraded PLA and PLA containing 0.5% Ag nanoparticles were conducted. Fig. 3 present the chosen DSC curves for PLA subjected to photodegradation (a) and thermal degradation (b). All curves exhibit the glass transition temperature (with changing endothermic depression corresponding to relaxation processes), cold crystallization and melting peaks of PLA.
The one broad crystallization peak in the range of 100-130 o C is typical for PLA analyzed in this conditions [28, 29] . It is named "cold crystallization", which appears not from the melt but from the glassy state.
Interestingly, the single melting peak found in DSC curve for unexposed PLA (at 147. . This clearly indicates that at least two different types of crystals exist in UV-irradiated PLA [30] . It can be supposed that photodegradation leads to main chain scission and formation of shorter PLA fragments undergoing moleculear reorganization. Short chains are characterized by higher mobility, thus, this new order of partially decomposed polymer influences the melting process observed by DSC. The double crystalline peaks in PLA were described in literature as corresponding to crystallites of different size, various perfection or stability [31] [32] [33] .
In a case of thermal degradation, the splitting of melting peak is not observed (Fig. 2b) . Relaxation and crystallization peaks gradually disappear after PLA heating degradation. It indicates that polymer undergoes annealing at temperature of 80 °C, in which macromolecules are able to reorganize.
The temperatures of phase transitions (T g , T m1 and T m2 ) crystallinity degree (X C ) in PLA and PLA/Ag composites, obtained from DSC curves, were plotted versus time of photochemical and thermal degradation (Figs. 4 and 5) .
It is clear that in a case of both processes the glass transition temperatures of PLA decrease with degradation time (Fig. 4a) . In a case of thermal degradation the decrease of T g is linear and small, whenever T g of PLA subjected to UV-irradiation decreases in nonlinear way. Two stages of UV-degradation are observed. First stage, in which the T g changes is minor and it is terminated after 12-13 h of irradiation (this indicates on induction period). After first stage of UV-degradation the second stage occurs, in which the drop of glass transition temperature is significant. Changes of crystallinity degree, X C during photochemical and thermal degradation of PLA and PLA + 0.5% Ag .
UV-irradiation caused the splitting of melting peak (there are two melting temperatures T m1 and T m2 ) due to photoinduced formation of molecular chain scission leading to two crystalline phases of different perfection, contrary to PLA isothermal degradation, where only one melting peak is present (T m increases with time of degradation due to annealing process). It means that UV-irradiation leads to more complex processes leading to changes in macromolecule arrangements. It is obviously connected to different mechanism of the both degradations.
Moreover, upon UV-irradiation the decrease of melting temperatures were observed in PLA and its nanocomposites with silver, opposed to thermal degradation where T m rise was found during heating. It indicates that both degrading factors (heat and UV) in a different way influence on macromolecular ordering of PLA.
The crystallinity degree of PLA and PLA in nanocomposite (X c ) (Fig. 5) was calculated from the enthalpies of cold crystallization (∆H c ) and melting (∆H m ) as follows:
where, (∆H m ) 100% is the enthalpy of crystallization of a fully crystalline PLA, equal to 93 J/g [34] .
Initial X c of PLA is very low (close to 1%-3%). During photodegradation X c does not change. Process of cold crystallization during DSC studies is observed. In a case of thermal degradation heating at 80 °C causes annealing and reorganization of macromolecules leading to an increase of X c up to 23%. Longer time of thermal degradation leads to the decrease of X c due to destruction of the polymer chain.
Viscosity measurements of dilute solutions indicate on a decrease of molecular mass due to molecular chain scission in both degradations processes. The initial limiting viscosity number of PLA/Ag composites is equal to 84.2 cm 3 /g and is somewhat
higher than that for PLA (equal to 80.4 cm 3 /g). It can suggest that some interactions between PLA and silver nanoparticles are present. Limiting viscosity number of PLA and PLA/Ag is decreased after 20 h of thermal degradation by about 27% and similar for photochemical degradation by about 25%.
Conclusions
Resulting of exposure to UV and high temperature, PLA undergoes random main chain scission and structural changes. Photochemical and thermal degradation was monitored by FTIR spectroscopy but reorganization of macromolecules was proved by DSC analysis.
It was found that nanosilver introduced to PLA restricts its photodegradation, which is probably caused by physical processes of excitation energy transfer or by photoredox reaction between Ag and polymer or its degradation products. As opposed nanosilver accelerated the thermal degradation of PLA, which has been proved using FTIR spectroscopy.
The differences between the course of photochemical and thermal degradation of PLA and PLA/Ag can be distinguished using DSC. Main alteration was observed in PLA melting process caused by different effect of heat and UV-radiation on macromolecular order.
The modification of PLA by nanosilver allows to obtain the environmentally friendly, biodegradable material with end-use properties such as anti-UV and antibacterial effects.
